A continuous coculture of four ruminal bacteria, Megasphaera elsdenii, Selenomonas ruminantium, Streptococcus bovis, and Lactobacilus sp. strain LB17, was used to study the effects of the ionophores monensin and tetronasin on the changes in ruminal microbial ecology that occur during the onset of lactic acidosis. In control incubations, the system simulated the development of lactic acidosis in vivo, with an initial overgrowth of S. bovis when an excess of glucose was added to the fermentor. Lactobacillus sp. strain LB17 subsequently became dominant as pH fell and lactate concentration rose. Both ionophores were able to prevent the accumulation of lactic acid and maintain a healthy non-lactate-producing bacterial population when added at the same time as an excess of glucose. Tetronasin was more potent in this respect than monensin. When tetronasin was added to the culture 24 h after glucose, the proliferation of lactobacilli was reversed and a non-lactate-producing bacterial population developed, with an associated drop in lactate concentration in the fermentor. Rises in culture pH and volatile fatty acid concentrations accompanied these changes. Monensin was unable to suppress the growth of lactobacilli; therefore, in contrast to tetronasin, monensin added 24 h after the addition of glucose failed to reverse the acidosis. Numbers of lactobacilli and lactate concentrations remained high, whereas pH and volatile fatty acid concentrations were low. Lactobacillus spp. tested was inhibited at low levels of tetronasin.
Lactic acid is a normal intermediate in ruminal metabolism and may also enter the rumen from exogenous dietary sources such as silage. Under normal conditions, lactate concentrations in the rumen are low and lactate is quickly metabolized. However, under certain conditions, particularly those associated with the introduction of high-concentrate diets, an unbalanced ruminal fermentation may occur, leading to the accumulation of lactic acid and the condition known as lactic acidosis (25) .
Counotte and Prins (4) suggested that there is a characteristic pattern to the changes that occur in the ruminal bacterial population at the onset of acidosis. During the first few hours, excess fermentable carbohydrate causes a general increase in the growth rate of all ruminal bacteria. The production of volatile fatty aids (VFA) increases and causes a fall in ruminal pH. The decreased ruminal pH enables Streptococcus bovis to outgrow other ruminal bacteria on the excess substrate that is present (21) . Its tolerance of low pH allows this organism to proliferate, and lactate production rises. Increased lactate concentrations further depress ruminal pH and inhibit the growth of other ruminal bacteria. Then, as ruminal pH falls below 5, the growth of S. bovis is inhibited and the very acid tolerant lactate-producing Lactobacillus spp. predominate. Ruminal concentrations of lactate continue to rise, and the resultant low pH causes stasis of the fermentation, while absorption of D-and L-lactic acids into the bloodstream leads to metabolic acidosis and, in severe cases, death.
Dennis et al. (6) suggested that the ionophore monensin may be of use in preventing the development of lactic acidosis by inhibiting the growth of the major lactateproducing bacteria, S. bovis and Lactobacillus spp. However, in a comparison of the antimicrobial activities of monensin and tetronasin, it was found that several Lactobacillus species were able to grow in the presence of high concentrations of monensin (18) . The growth of all of the * Corresponding author.
Lactobacillus spp. tested was inhibited at low levels of tetronasin.
The aim of the experiments described in this paper was to simulate changes in the ecology of ruminal bacteria during the onset of acidosis in an in vitro system and to investigate the effects of the ionophores monensin and tetronasin in modifying these changes. (11) .
MATERIALS AND METHODS
Continuous-culture -apparatus was based on the system developed by Hobson (10, 11) and Hobson and Summers (13) with modifications described by Wallace (26) , except that stirring was done with a magnetic stirrer and stirring bar. The nominal culture volume was 400 ml, and the dilution rate was 0.1/h. Temperature was maintained at 39°C.
The culture was inoculated with 2.5 ml of a 48-h culture of each organism grown in ruminal fluid-containing liquid medium 1 (12) . A minimum turnover of 5 culture volumes was allowed in order to stabilize the fermentation, and then acidosis was induced by addition to the medium reservoir of a 100-fold excess of glucose (40 g/liter). The ionophores tetronasin (molecular weight, 628) and monensin (molecular weight, 693) were dissolved as their sodium salts in ethanol and filter-sterilized before addition to both the infusion medium and the incubation pot by injection (1 ml/liter) with a sterile hypodermic syringe. lonophores were added at the same time as high-glucose medium in experiments designed to investigate their effect on the onset of acidosis and 24 h after glucose addition in experiments to investigate their effect on the development of acidosis. Results presented are the means of duplicate estimations from single cultures. Repeat cultures gave similar results (not shown).
Analyses. Samples were withdrawn from the culture vessel via a sampling hood similar to that described by Baker (1) . The pH of the sample was recorded immediately. Samples (1 ml) were preserved by acidification with 0.25 ml of orthophosphoric acid (25%, wt/vol) for later analysis. VFA concentrations were determined by gas chromatography (19) . L-(+)-lactate was assayed enzymatically (8) ; therefore, the lactate concentrations described are not measurements of total lactate production. However, L-(+)-lactate was the predominant isomer formed by Selenomonas ruminantium (64%), S. bovis (79%), and Lactobacillus sp. strain LB17 (80%). The bovis fell markedly and those of Lactobacillus sp. increased, sence of ionophores. Numbers of S. bovis peaked 2 to 4 h making lactobacilli the dominant organisms at 48 h. The after glucose addition and subsequently fell ( Table 3 ). The increase in lactobacilli and the decline in the other species predominant species became Selenomonas ruminantium. was associated with a fall in VFA concentrations and a Monensin allowed M. elsdenii to survive as well, but a stable further increase in the concentration of lactate (Table 1) .
population was not formed; at the end of 48 h the numbers of
The addition of tetronasin (0.5 jig/ml) at the same time as Selenomonas ruminantium, M. elsdenii, and S. bovis conexcess glucose decreased both the rate of decline of pH and tinued to fall while the numbers of lactobacilli were rising the extent of the fall, with a minimum value of 5.05 being (Table 3 ). Changes in VFA followed a pattern similar to that reached 12 h after the addition of glucose ( Table 2) . Although of the control, with elevated concentrations during the first lactate accumulated transiently after the addition of glucose, 12 h and a decline in VFA concentrations as Lactobacillus its concentration subsequently fell and remained low. S. numbers rose (Table 3) . Addition of monensin at a higher bovis numbers rose slightly after the addition of glucose, but, concentration (1 ,ug/ml) had effects similar to those reported in the absence of a sudden reduction in pH, so did the for tetronasin at 0.5 ,ug/ml (results not shown). numbers of both Selenomonas ruminantium and M. elsdenii In experiments in which the ionophores were added 24 h such that a new, stable mixed population of Selenomonas after the addition of excess glucose, the fermentor showed ruminantium (ca. 60%), M. elsdenii (23%), and S. bovis an initial pattern of change similar to that of the control (15%) was established ( Table 2 ). In the absence of low pH incubations, with a high lactate concentration at 24 h and and high lactate concentration, lactobacilli remained at belactobacilli increasing at the expense of a decline in numbers low 1% of the population. VFA concentrations were eleof other species. vated by the addition of glucose and remained high throughTetronasin (0.5 ,ugIml) added 24 h after glucose caused a out the experiment. This activity was associated with a fall in decline in the numbers of lactobacilli and allowed S. rumithe proportion of acetate and a rise in the proportion of nantium and M. elsdenii to recover (Table 4 ). This activity butyrate (Table 2) .
was associated with a drop in lactate concentration from a Monensin added at the same concentration (0.5 ,g/mI) as peak at 24 h to a nondetectable level at 72 h and a rise in the tetronasin was less effective in controlling the reduction in culture pH to 5.0. VFA concentrations and, in particular, pH or the accumulation of lactic acid (Table 3) . However, butyrate concentrations rose after the addition of tetronasin the final pH was slightly higher and the lactate levels lower (Table 4) . than in the control ( Table 1 ). The population that developed Monensin at 1 jig/ml failed to halt the increase in Lacto- with monensin was different from that induced in the abbacillus numbers; although there was an initial stimulation of Selenomonas ruminantium when the ionophore was added, it was transient; at the end of the 72-h incubation Lactobacillus sp. strain LB17 was the main species present (Table 5) . pH remained low after the addition of monensin and lactate concentrations were high, whereas VFA concentrations were low, with a high proportion of acetate (Table 5) . DISCUSSION The mixed culture used in this simulation of ruminal lactic acidosis comprised Selenomonas ruminantium, M. elsdenii, S. bovis, and a Lactobacillus sp. The first is a ubiquitous starch and sugar fermenter that produces mainly acetate and propionate at low growth rates similar to the rate of 0.1/h used in the fermentor. At high growth rates, however, such as would occur with excess glucose, lactate is the main product (26) . M. elsdenii is a lactate utilizer, considered to be responsible for up to 75% of lactate catabolism in the rumen (5) . Both of these bacteria are indicative of a stable fermentation, as their metabolism results in the formation of VFA rather than lactate and they are less resistant to low pH than are S. bovis or Lactobacillus spp. (14, 22) . The latter organisms are those principally involved in lactic acidosis (4) . Both are resistant to low pH and, by virtue of being lactate producers, tend to perpetuate the low ruminal pHs characteristic of the disorder.
When excess glucose was added to the fermentor, the changes that occurred in the bacterial population were similar to those predicted by Counotte and Prins (4) and recorded by Chaplin and Jones (3) in vivo. Immediately after introduction of the sugar, all of the bacterial species present were stimulated. However, the faster growth rate of S. bovis under conditions of excess substrate (20) meant that this bacterium quickly became dominant. The high levels of lactate production associated with S. bovis at high growth rates (23) caused the pH to drop, inhibiting the growth of both M. elsdenii and Selenomonas ruminantium. The ability of ruminal bacteria to ferment the lactate produced declines as pH falls (2, 21) , further increasing lactate accumulation during this initial stage. As pH fell further, growth of S. bovis was also inhibited and lactobacilli became the dominant bacteria. The final pH was similar to those reported in vivo, and although VFA and lactate concentrations were lower than those reported by Chaplin and Jones (3), the pattern of change was similar. It would thus appear that, although many of the lactate-utilizing organisms in the rumen, including the anaerobic protozoa (17) , are absent from the model, the in vitro system used in this study provides a valid simple model for studying the changes that occur in the numbers of bacteria involved in lactate metabolism during the onset of acidosis.
Dennis et al. (6, 7) suggested that the ionophore monensin would be useful in the prevention of acidosis because of its inhibition of the growth of lactate-producing bacteria. Studies with tetronasin suggested that this ionophore would have a similar role, as it also inhibits the growth of the lactobacilli and S. bovis while allowing the growth of many of the lactate utilizers, including M. elsdenii (18) . The present study confirms that both ionophores are capable of preventing the overgrowth of S. bovis and the subsequent dominance of Lactobacillus sp. in a defined mixed culture. The results with monensin agree with both the in vitro results of Dennis et al. (7), in which lactate production from various carbohydrates was reduced, and in vivo results in which monensin prevented the onset of acidosis in artificially stressed animals (15, 16) . A similar pattern of change in VFA and lactate levels with monensin is also evident in all of the studies; high lactate concentrations develop in the controls at the expense of VFA, and there is depressed lactate production, with an increase in VFA and a decrease in acetate, in the monensin treatments (15, 16) . The potency of tetronasin in preventing lactic acidosis in this defined coculture was greater than that of monensin at a similar concentration, particularly in its suppression of the Lactobacillus sp. (Tables 2 and 3 ). However, both ionophores would be expected to provide protection against lactic acidosis in vivo because of their effective inhibition of S. bovis at concentrations likely to occur in the rumen (18) . Where tetronasin could be more effective than monensin would be in the recovery phase, where overgrowth by lactobacilli had already occurred. Tetronasin added 24 h after the induction of acidosis in vitro inhibited the growth of both lactobacilli and S. bovis and encouraged the establishment of a healthy non-lactate-producing population (Table  4 ). In contrast, monensin was unable to stop the growth of lactobacilli, and the downward spiral of pH and lactate production continued (Table 5) .
The results of this study therefore indicate that tetronasin may have a curative as well as a preventative role during the subacute stages of lactic acidosis. Much depends, however, on whether the lactobacilli tested here and previously (18) are representative of all strains that are present in vivo. Further experiments in vivo are obviously required to confirm the usefulness of tetronasin in the recovery phase. These should be combined with parallel in vitro experiments of the type reported here, but using a mixed Lactobacillus inoculum from an acidotic animal, to evaluate the applicability and validity of this simple, flexible model system.
